This article reports on the dyeing of wool using an enzymatic system comprising laccase; dye precursor, 2,5-diaminobenzenesulfonic acid; and dye modifiers, catechol and resorcinol. Enzymatic dyeing was performed as a batchwise process at the temperature and pH of maximum enzyme activity. The effects of the process variables reaction time, enzyme, and modifier concentration on fabric color were studied, according to an appropriate experimental design. Different hues and depths of shades could be achieved by varying the concentration of the modifiers and the time of laccase treatment. The duration of the enzymatic reaction appeared to be the most important factor in the dyeing process. Thus, the dyeing process, performed at low temperature and mild pH, was advantageous in terms of reduced enzyme and chemical dosage.
Introduction
Laccases (EC 1.10.3.2) are multi-copper oxidases, which catalyze oneelectron oxidation of a wide range of inorganic and organic substances, coupled with one four-electron reduction of oxygen to water (O 2 + 4H + + 4e → 2H 2 O) (1). Laccases not only catalyze the removal of a hydrogen atom from the hydroxyl group of methoxy-substituted monophenols, ortho-and paradiphenols, but also can oxidize other substrates such as aromatic amines, syringaldazine, and nonphenolic compounds to form free radicals (2) (3) (4) .
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Trametes villosa laccase from Novo Nordisk (6.8 g of protein/L), 0.1 M dye precursor (2,5-diaminobenzene sulfonic acid), and 5-50 mM dye modifiers (catechol or resorcinol), for 1-9 h. All reagents were of analytical grade, provided by Sigma (St. Louis, MO). After dyeing, the fabrics were thoroughly washed at a boil with the nonionic detergent Lutensol ON 30 (BASF) until no more dye was released in the washing bath. A transmission optic microscope (Olympus BH2) with a ×40 magnification was used to observe the dye distribution across the fibers.
Experimental Design
The influence of the dyeing process variables (A = modifier concentration [mM] ; B = laccase amount [mL/L]; C = dyeing time [h]) on the color of the fabrics was studied using a 2 3 full factorial design with three coded levels leading to 11 sets of experiments. The range and the levels of the independent variables correspond to the ranges of variation of these parameters in the enzymatic recipe for dyeing stated earlier. The data were analyzed using Design Expert software (version 5.0). A second-order polynomial fits the relationships between independent and dependent variables:
in which y i are predicted responses; β k0 , β ki , β kii , and β kij are coefficients; and χ i are the studied codified variables. The responses analyzed were the color characteristics: K/S, L*, a*, b*. K/S is the Kubelka-Munk relationship, in which K is an adsorption coefficient and S is a scattering coefficient. This relationship is applied to textiles under the assumption that light scattering is owing to the fibers, while adsorption of light is owing to the colorant. L*, a*, and b* are the coordinates of the color in the cylindrical color space, based on the theory that color is perceived by black-white (L* = lightness), red-green (a*), and yellow-blue (b*) sensations. 
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Results and Discussion
Screening experiments were conducted to identify which process parameters influence the color (in terms of K/S, L*, a*, and b*) of the enzymatically dyed fabrics. The effects of different experimental variables on the dyeing results were simultaneously investigated, applying a full factorial design experiment. The experimental matrix and the results are presented in Table 1 .
The first step in the process of seeking optimal conditions for the enzymatic dyeing is to identify the input variables with greatest influence on the responses. K/S and lightness values of the dyed fabrics at the dye absorption maximum varied considerably ( Table 1 ). The function K/S is directly proportional to the concentration of the colorant on the substrate and indicates the dye adsorption and fixation. In our dyeing experiments, K/S reflected the amount of fixed dye, since all the unfixed dyestuff was presumably washed off. For the modifier catechol, K/S varied from 2.61 to 23.91 and L* from 48.89 to 18.30. For the other modifier, K/S values ranged from 2.17 to 18.35 and L* from 53.76 to 22.78. The highest K/S value for catechol was achieved at the uppermost levels of the three factors. Interestingly, for resorcinol the highest K/S value was attained when the modifier was applied at the lowest concentration, while the amount of enzyme and the time of treatment were at their highest levels. Catechol and resorcinol are, respectively, ortho-and metasubstituted diphenols. Considering runs 7 and 8, the fabrics dyed with catechol appeared redder and bluer with the increase in modifier concentration, while the samples dyed with resorcinol became yellower and greener. Obviously the position of the second OH group in the molecule of the modifier was responsible for the different coloration behavior and the change in hue. This could be explained by the 
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different pathway of the enzymatically catalyzed reaction between the dye precursor and modifier. Laccase oxidizes the phenolic compounds, converting them to reactive quinone species, which subsequently react nonenzymatically with amines forming 1,4-Michael-type adducts (Scheme 1).
The orthosubstituted diphenol-catechol can further undergo another Michael's addition of amine and develops deeper than that of the resorcinol color ( Table 1) . The orthodiphenols were reported as better substrates for laccase than the metasubstitutes (32) . Apart from reacting with the dye precursor, the phenol modifiers could undergo an oxidatively induced polymerization. Thus, the laccase-mediated oxidation of the dye precursor and modifiers results in highly reactive radicals, which can undergo either self-or cross-propagation with the respective monomers in a way very complex for characterization. Independently of the other variables, increasing the dyeing time from 1 to 9 h (dyeing temperature of 50°C, pH 5.0) drastically increased K/S and decreased L* values. By comparison, the duration of the conventional chemical dyeing process is normally 3 to 4 h, at boiling temperature in highly acidic medium. Problems have been experienced with all attempts to introduce low-temperature methods for wool dyeing, necessitating application of various auxiliaries or solvents to effect diffusion of the dye into the fibers, and even then the temperatures were in the range of 60-80°C. This high time-dependent increase in K/S suggested that a deeper color could be achieved simply by prolonging the contact time between the textile material, enzyme, dye precursor, and modifier, in contrast to the conventional dyeing of wool, in which the depth of the color is proportional to the amount of dye. It is not clear, however, whether the dye was formed in the solution and then was adsorbed on the textile material, or whether it was formed directly on the fabric. Both possibilities exist, since the reactive colored compounds adsorbed on the fabric could continue to interact nonenzymatically. The presence of sulpho-groups in the molecule of the dye precursor provides both solubility of the dye and substantivity toward the wool material. The increase in K/S also indicated a higher dye presence on the fabric. The cross-section image of the enzymatically dyed fibers in Scheme 1. Expected mechanism of reaction between dye precursor and modifier. Job
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U n c o r r e c t e d P r o o f C o p y Fig. 1 shows penetration of the dye into the interior of the keratin fiber. This image suggests that the small molecules of the dye precursor and modifiers could penetrate beyond the wool cuticles and some portion of the color was formed in the fiber itself. The small size of the dyeing molecules provides levelness of the dyeing. Statistical analysis for each of the response variables according to the student's t-test (Table 2) showed that the factor with the most significant effect (99% confidence level in most cases) on all responses was the time of dyeing.
Analysis of Modifier Catechol
Models for responses a* and b* were not derived, since the plots of the normal distribution of the residues showed a nonaleatory distribution. All the factors and their interactions were very significant and no residues were left for the error analysis. Although the color can be split into three components-L*, a*, and b*-only the first is immediately meaningful in practice since the sign of L* sample -L* standard indicates that the sample is lighter if ∆L* is positive and darker if negative. The model expressed by Eq. 
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The response contours described by the model equation (y 1 ) showed that a maximum K/S value can be obtained by carrying out the dyeing with 10 mL/L of laccase, for 9 h (Fig. 2) . Interestingly, for the first hours of dyeing, observing the surface contour for K/S, the relation between the time of reaction and the laccase concentration was almost a straight line. This means that further addition of enzyme to the dye bath would not alter the depth of color. However, with the increase in dyeing time these two factors begin to interact and K/S tends to increase as well.
For the lightness values (L*), the time factor and the modifier concentration were revealed to be significant with a confidence level of 99.8 and 92.7%, respectively. Thus, these two factors and their interactions were included in the model (Eq. 3) estimating the lightness as a function of time and modifier concentration. 
ANOVA for the model showed that the regression was statistically significant (p = 0.0006) at a 1% probability level and also presents a good determination coefficient (R 2 = 0.93), without lack of fit. Considering the response surface of the lightness over the independent variables modifier concentration and time (Fig. 3) , low lightness values (i.e., darker color) were attained at longer dyeing time. However, there is a compromise between time and modifier concentration, in a way that it is possible to reduce the modifier dosage and to reach the same lightness values by increasing the process time.
Based on the two models, a graphic optimization was performed using the Design Expert program. The method consists of overlaying the curves of all the models according to the criteria imposed. The optimal working Job Job
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conditions were defined so that high K/S and low lightness values were obtained. The criteria adopted were a K/S >15 and lightness value inferior to 28. The nonshaded area in the overlaying plot in Fig. 4 corresponds to the levels of the process variable where all the criteria imposed were satisfied.
Analysis of Modifier Resorcinol
The model representing K/S () as a function of modifier (A) and laccase (B) concentration, and dyeing time (C) was expressed by Eq. 4:
The F-test (ANOVA) revealed the statistical significance of the regression (p = 0.0002) at a 99.9% confidence level. The model did not show lack of fit and exhibited a high determination coefficient (R 2 = 0.99), explaining 99.3% of the variability in the response. The model did not present curvature, and the interactions AB and ABC were removed from the equation, since they were not significant at the 90% confidence level.
The response contours described by the model equation ( y 3 ) are presented in Fig. 5 . Maximum K/S on dyed fabrics would be obtained by applying 10 mL/L of laccase, for 9 h of treatment, using the modifier in its lowest concentration. Analysis of the two contours presented in Fig. 5 
The regression was statistically significant (<99.99% confidence level) and presented a good determination coefficient, explaining 98% of the total variation in the response, the remaining 2% being explained by the residues. The response contours of the lightness factor ( y 4 ) over the independent variables (Fig. 6) showed that the lightness was minimum (which implies darkest color) when the time of dyeing was at its maximum and the modifier concentration was at the minimum level.
Based on the two models obtained for this modifier, a graphic optimization was conducted using the Design Expert program. The optimal working conditions were defined to perform dyeing of the textile material in a deep shade, i.e., high K/S and low lightness values. The criteria adopted were a reflectance value >10 and a lightness value inferior to 35. The overlaying plot in Fig. 7 shows a nonshaded area where both the criteria imposed were satisfied. Optimization was carried out regarding the concentration of laccase, the most costly component in the dyeing mixture. 
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Conclusion
This study was an attempt to optimize the process variables of a novel laccase-assisted dyeing process of wool. Dyeing was performed in a dye bath prepared with a dye precursor (2,5-diaminobenzenesulfonic acid) and dye modifiers (catechol and resorcinol) and laccase, without any dyeing auxiliaries. Increasing the reaction time and minimizing the enzyme and modifiers loading could obtain darker coloration of the samples. This renders the laccase dyeing an economically attractive alternative to the conventional use of high-water, dyes, auxiliaries, and energy-consuming acid to dye wool. Additionally, the enzymatic reaction was carried out at a pH and temperature safe to the textile material. The dyeing experiments with two modifiers having the same molecular weight but with different position of the substitutes revealed the potential of the enzymatic approach for achieving a large diversity of colors and hues on the fabrics, varying the starting compounds. Comparison of the two modifiers showed that the concentration was not statistically significant for the color depth in the case of catechol, but very significant in the case of resorcinol. Statistical analysis showed that resorcinol should be used in low concentration to attain deepshade dyeing. Microscopic observation of the cross-section of the enzymatically dyed wool demonstrated penetration of the colorant into the mass of the fibers. 
